The TrES-2 system harbors one planet which was discovered with the transit technique. In this work we investigate the dynamical behavior of possible additional, lower-mass planets. We identify the regions where such planets can move on stable orbits and show how they depend on the initial eccentricity and inclination. We find, that there are stable regions inside and outside the orbit of TrES-2b where additional, smaller planets can move. We also show that those planets can have a large orbital inclination which makes a detection with the transit technique very difficult.
Introduction
The planet TrES-2b was discovered in 2006 (O'Donovan et al. 2006) . It orbits a G0V star with approximately the same mass and radius as the Sun. The planet has a mass of 1.198 M JUP and a radius of 1.22 R JUP . Its orbit is circular and has a semi-major axis of 0.0367 AU (see table 1 for all parameters and the corresponding error bars.)
TrES-2b was discovered using the transit method where one tries to observe the decrease in luminosity of a star caused by a transiting planet. This method is very promising and current and future space-mission (e.g. CoRoT and Kepler) will use this method to largely increase the number of known transiting planets. Although it is possible to detect quite small planets via the transit technique the discovery of earth-like planets is still very difficult. The premises are better in systems were a transiting planet is already discovered. By investigating the variations in the transit time of a planet it is possible to identify also very small planets (Ford & Gaudi 2006; Ford & Holman 2007) . It is thus desirable to have a detailed knowledge about the Table 1 Basic data of the TrES-2 system from O' Donovan et al. (2006) ; Winn et al. (2008) Rätz et al. (2008a) and Rätz et al. (2008b) .
Numerical Setup
The majority of planetary systems consist of a star and a giant planet orbiting in an eccentric orbit around it. TrES-2 is such a single-planet system and can be modeled by the elliptic restricted three-body problem, a relatively simple dynamical model, where two massive bodies, called the primaries, move in elliptic orbits around their common center of mass, and a third body of negligible mass moves under their gravitational influence (for details see Szebehely (1967) ). For the computation of the stability maps we varied both the orbital elements of the giant and the test particles and for more than 350 thousands initial conditions the dynamical character of the massless particle representing an earth-like planet was determined. To compute the stability maps, the method of the maximum eccentricity (ME) and the Lyapunov characteristic indicator (LCI) were used as main tools for stability investigations of massless terrestriallike planets:
-To indicate stability, the ME method uses a straightforward check based on the eccentricity. This action-like variable shows the probability of orbital crossing and close encounter of two bodies and therefore its value provides information on the stability of orbits. This simple check was already used in several stability investigations, and was found to be a powerful indicator of the stability character of orbits (Dvorak et al. 2003; Nagy et al. 2006; Süli et al. 2005 ). -As a complementary tool, we computed also the LCI, a well-known chaos indicator. The LCI is the finite time approximation of the largest Lyapunov exponent (LCE), which is described in detail in e.g. Froeschle (1984) and Lohinger et al. (1993) .
The mass of µ of the TrES-2b system is approximately 0.0022097 solar masses which can be rounded to 0.002. The time span of the integration was 10 5 revolutions of the primaries. For the integration of the system we applied an efficient variable-time-step algorithm, known as BulirschStoer integration method. The most important feature of the Bulirsch-Stoer algorithm for N-body simulations is that it is capable of keeping an upper bound on the local errors introduced due to taking finite time-steps by adaptively reducing the step size when interactions between the particles increase in strength. The parameter ǫ which controls the accuracy of the integration was determined by preliminary test runs and was set to 10 −8 .
The giant planet's orbital elements are: semi-major axis a 1 , eccentricity e 1 , argument of periastron ω 1 , and mean anomaly M 1 . The semi-major axis of the giant is a 1 = 0.0367 AU, and its eccentricity was 0. Since the giant revolves in a circular orbit, ω 1 is undefined and the mean anomaly alone determines the position of the giant along the orbit. M 1 was varied between 0
• and 180
• with ∆M 1 = 45
• .
The semi-major axis of the test particles ranges from 0.014 to 0.147 AU for stability maps in the a − i plane and up to 0.183 AU for stability maps in the a − e plane. The inner border for the test particles is very close to the star. Although earth-mass planets could exist here, due to the large temperatures they would certainly not be earth-like planets. The step-size ∆a = 1.8·10
−4 AU, ∆e = 0.02 and ∆i = 1
• . The upper limit of the grid in e is 0.5 and 50
• in i.
To investigate the resonances in detail we also applied the restricted three body problem. In this case the integration of the Newtonian equations of motion was undertaken with a different method. We used the so called Lie integration (Hanslmeier & Dvorak 1984; Lichtenegger 1984) ), which implements an automatic step-size and is, because of the recurrence of the Lie-terms, a very precise integration method. Again the integration time was 10 5 revolutions of the primaries. For the calculations we took into account the resonances up to the 7:4 mean motion resonance for the inner and the outer region. For the motion in resonances the initial starting position is quite important, therefore we have chosen 8 starting positions for the fictitious planets in a certain resonance with the mean anomaly M ranging from 0
• to 315
• with ∆M = 45
3 Stability Regions Figure 1 shows the stability plots for the a − e plane. We investigated the small region between the star and the known planet and the region outside the orbit of TrES-2b up to semimajor-axes of 0.18 AU. The first 5 pictures show the stability region for different initial values of the mean anomaly of TrES-2b whereas for the last picture we took the global maximum eccentricity that was obtained for any value of M 1 . The overall shape of the stability is of course not influenced by the mean anomaly; it looks the same in all cases. One can see that the border of the inner region between the star and TrES-2b is almost independent of the initial eccentricity of the test particle. For initial semimajor axes smaller than 0.025 and initial eccentricities smaller than 0.25 the test particles stay stable on moderate eccentric orbits with e < 0.25. Particles with larger initial eccentricities can still stay on stable (eccentric) orbits further away from the planet (a < 0.02 AU).
The border of the stability region outside the orbit of TrES2b shows a different behavior. For almost circular orbits the whole range between 0.05 an 0.18 AU shows stable motion. This region however is shrinking when the initial eccentricity is increased. The gravitational influence of TrES2b reaches out to 0.12 AU; from this point on the stability region is independent from the initial eccentricity. • almost all resonances become unstable (for a detailed discussion of the stability of resonances see section 4).
The orbital inclination of a planet plays an important role when one wants to observe a transit. We know thatas viewed from the Earth -TrES-2b passes the visible disk of the star. Normally one would expect any additional planets to orbit almost in the same plane as TrES-2b. But from our solar system we know that small objects like asteroids can have substantial orbital inclinations and even the dwarfplanet Pluto has an orbit that is inclined about 17
• towards the ecliptic. Knowledge about the possible inclinations that additional planets in the TrES-2 system can have is thus crucial for the search of transits. We thus also investigated the stability regions in the a − i plane; the results can be seen in figure 2. For different initial values of the eccentricity we plotted the maximum eccentricity in the region between 0.014 and 0.147 AU in the semimajor axis and 0
• and 50
• in the inclination. Figure 2 shows clearly that the borders of the stability regions behave almost indepently from the initial inclination. For an initial eccentricity of 0.01 the whole region exterior to TrES-2b between 0.05 and 0.147 AU shows ordered motion on circular orbits for all initial values of the inclination (with the exception of the 1:2 and 1:3 resonance). The in- • , M=45
• , M=90
• , M=135
• , M=180
• . Bottom right: combination of all figures using the maximum ME over all values of M.
terior region is also stable up to 0.03 AU although here the orbits become more eccentric for initial inclinations of 30
• and larger (with the exception of the 2:1 resonance) where the test particles can maintain almost circular orbits even for larger inclinations. If the initial eccentricity is increased, the maximum eccentricity increases for all initial values of a and i. The border of the exterior stability region moves inward with increasing initial e from 0.05 AU to ≈ 0.115 AU for e = 0.5 (again, at some mean motion resonances the orbits can remain stable). Figure 3 shows, how the borders of the stability region depend on the initial eccentricity. The change of the inner border with the initial eccentricity is almost constant whereas the outer border changes linearly (with a slope of approximately 0.1). The difference between i = 0
• and i = 40
• is very small and only significant for small initial eccentricities.
Stability of Resonances
Resonances play an important role concerning the possibility of additional planets. On the one hand, a resonant configuration can be more unstable and thus make it possible to exclude larger planets (see e.g. Miller-Ricci et al. (2008a,b) ). On the other hand, resonances can stabilize the motion of planets under certain conditions and we know about planetary systems that are in a mean-motion resonance (see e.g. Ferraz-Mello et al. (2005) and references therein).
We thus decided to perform a detailed study of the stability inside the mean motion resonances. The stability plots www.an-journal.org Fig. 2 Stability plots in the a − i plane for different initial values of e showing the maximum eccentricity (ME). From top left to bottom right: e=0.01, e=0.1, e=0.2, e=0.3, e=0.4, e=0.5. presented in section 3 give an overview on the stability properties -but to decide whether a resonance is really stable or not, one has to use special initial conditions. In this simulation the test particles were placed directly inside the resonance. Since the initial mean anomaly can have an important influence on the stability of a resonance (see figure 1) we performed calculations for 8 initial values of M of the test particle between 0
• and 315
• . Figure 4 shows the results of this study. We investigated all major inner and outer resonances with the known planet. 
Conclusions
We investigated the dynamical stability of the TrES-2 planetary system in order to identify regions where an additional smaller planet could exist. Our results can be summarized as follows:
-There is broad range of possible orbits for additional planets on almost circular orbits. Such a planet could also exist inside the orbit of TrES-2b. Only the region between approximately 0.03 and 0.05 AU is excluded due to the gravitational perturbations of TrES-2b. -Additional planets can also exist on moderately eccentric orbits. Here, the excluded region increases with increasing initial eccentricity. Planets with eccentric orbits (e > 0.4) can only exist at a distance from the star larger than 0.095 AU. -Concerning the stability, a possible inclination of the orbit of an additional planets plays a less important role than its eccentricity. Planets on almost circular orbits and a semimajor axis larger than 0.05 AU can have an orbital inclination up to 50
• without becoming dynamically unstable; planets inside the orbit of TrES-2b can be stable up to 35
• . -Many of the major mean-motion resonances in the system are stable. Only close to the existing planet, they can destabilize the motion of a planet. It is thus possible for planets to exist in a resonant configuration.
According to our results, the possibility to detect an additional planet in the TrES-2 system are good -at least from a dynamical point of view. There exists a wide range of regions where such a planet could exist on a stable orbit. Our results also showed that additional planets can have a substantial orbital inclination. If this is the case, a search with the transit technique would fail, but a detection by the radial velocity technique would be possible. In this case precise measurements of the transit time of TrES-2b could be used to help identify such a planet. Future works will be dedicated to determine the limits of the masses the additional planets can have. It will then be possible to make much better predictions for the observability of possible transits. 
